INTRODUCTION
for dietary n-3 PUFA enrichment of eggs because it contains a high amount of n-3 PUFA, with LNA accounting for 48 to 58% of the total fatty acid present (Gonzalez-Esquerra and Jia et al., 2008) . However, inclusion of ground flaxseed in the hen ration at levels greater than 10% can have a negative effect on egg production traits Bean and Leeson, 2003) . This has been attributed to reduction in nutrient utilization in birds due to antinutritional factors such as mucilage, cyanogenic glycosides, or trypsin inhibitors (Bhatty, 1993) . Further processing of flax can disrupt many of the antinutritional factors associated with whole and ground flaxseed. To accomplish this, flaxseed can be demucilaged (Alzueta et al., 2003) or extruded (Thacker et al., 2005) .
The Canadian Food Inspection Agency permits to label a product as a "source of ω-3" if the total n-3 PUFA is at least 300 mg per reference amount (50 g per egg; CFIA, 2003) . Because the lipid content of the egg varies with age and genetics, the type and composition of dietary fatty acid source and duration of feeding are important considerations in designing an effective enrichment program (Milinsk et al., 2003) . An understanding of the effects of duration of feeding and concentration of dietary enrichment ingredients is required to ensure that minimum enrichment levels in the end product are reached. Sim and Cherian (1994) reported that n-3 PUFA levels in the eggs stabilize between 9 and 12 d of feeding a flax diet. This experiment was designed to characterize changes in the fatty acid profile of the plasma and eggs of hens fed an extruded flaxseed product to develop a better understanding of the process of n-3 PUFA transfer from the hen diet to the egg. Specifically, the objectives were to evaluate the time required for several levels n-3 PUFA-enriched feeds to generate eggs with a minimum level of 300 mg of n-3 PUFA/egg, as well as the variability in the n-3 PUFA concentration in plasma and egg and n-3 PUFA transfer efficiency from diet to the egg using an extruded flax source diet. The effect of manipulation of fatty acid composition on estimated enzyme activities for enzymes involved in biosynthesis of the long-chain n-3 PUFA was also evaluated.
MATERIALS AND METHODS

Study Design
An Institutional Animal Policy and Welfare Committee approved all experimental animal protocols. The experiment was a 3 × 4 factorial design including 3 levels of n-3 PUFA enrichment: control (standard 16% CP, 2,750 kcal/kg of layer ration); high, with 15% Lin-PRO (O & T Farms, Regina, Saskatchewan, Canada; flaxseed:peas, 1:1 wt/wt; ground-extruded); moderate (50:50 mix of the control and the high diets), with 7.5% LinPRO fed for 1 of 4 durations: 0, 6, 12, or 18 d (Table  1 ). All diets were isocaloric and isonitrogenous. All the birds were fed the layer control diet without supplemental n-3 PUFA before the start of the experiment.
Sampling
This study used a group of 65-wk-old Lohmann White Leghorn laying hens. At the start of the dietary treatments (d 0), 25 birds in individual cages were randomly allocated to each of the 3 feeding treatments (total = 75 birds). The birds were then provided either the control, moderate, or high n-3 PUFA-enriched diets for 18 d. The birds had ad libitum access to feed and water. A lighting program of 16 h of light and 8 h of dark was used for the entire experiment.
Eggs were collected at d 0, 6, 12, and 18 for yolk lipid analysis. Individual egg production data were recorded daily, and egg weight, yolk weight, and shell thickness were determined for all eggs sampled. Birds were weighed and blood samples were collected for lipid composition analysis on d 0, 6, 12, and 18 of the study. Day 0 values were used to establish baselines for BW and fatty acid composition in plasma and egg yolk. Feed intake was calculated for each bird for each 6-d period. Blood samples were collected in vaccutainers with EDTA as the anticoagulant. Blood samples were centrifuged at 1,200 × g for 15 min at 4°C to separate the plasma layer and were stored at −20°C pending analysis. Plasma and egg yolk samples were subjected to gas chromatography (GC) to determine fatty acid profile for the samples from different periods in the trial. Representative feed samples from all diets were collected to assess the dietary fatty acid profile.
Estimated enzyme activities can be calculated as the ratio of daughter fatty acid to the parent fatty acid (Kinsella, 1991; Warensjö et al., 2008 ). In the current study, the stearoyl-CoA desaturase (SCD) activity was calculated as the ratio of 16:1 n-9/16:0. The LNA is metabolized to EPA with stearidonic acid (18:4 n-3) and n-3 eicosatetraenoic acid (20:4 n-3) as intermediates following a series of desaturation and elongation steps involving Δ 6 -desaturase, elongase, and Δ 5 -desaturase enzymes (Holman, 1998) . Upconversion of dietary LA via γ-linolenic (20:3 n-6) to arachidonic acid (20:4 n-6) involves the same set of enzymatic actions (Kinsella, 1991; Holman, 1998) . To estimate the biosynthesis of long-chain n-6 PUFA (Δ 6 -desaturase + elongase + Δ 5 -desaturase activity), the ratio of 20:4 n-6/18:2 n-6 was calculated (Betti et al., 2009) . Similarly, the estimated biosynthesis of long-chain n-3 PUFA upconversion (Δ 6 -desaturase + elongase + Δ 5 -desaturase activity) was calculated as 20:5 n-3/18:2 n-3.
Fatty Acid Analysis
Feed. Triplicate samples of the control diet and the moderate and high enriched diets were analyzed for fatty acid composition. Following grinding for 1 min, 50 mg of fine powdered feed sample was placed in a 10-mL Teflon-lined screw-capped tube and kept overnight with 100 μL of chloroform at 21°C. After shaking well, 2 mL of methylating reagent (1 N methanolic HCl, Sigma, Oakville, ON, Canada) was added to the mixture and kept in a water bath at 60°C for 120 min for derivatization of fat. Water was added to make methanol/water (95/5, vol/vol) . A known amount of internal standard (500 μL; heptadecanoic acid, 17:0, Sigma) and 3 mL of hexane were added, mixed thoroughly, and centrifuged at 1,500 × g for 5 min at 21°C. One milliliter of the clear hexane layer was transferred to a GC vial after adjusting fat content to around 0.3 to 0.5 mg/mL.
Plasma and Egg Yolk. From duplicate samples of plasma or egg yolk collected from individual birds, 1 mL of either the plasma or the raw yolk was mixed at a 1:16 ratio with Folch solution (chloroform:methanol; 2:1, vol/vol) and stored overnight at room temperature to extract fat. The dried fat was resolubilized in 1 mL of chloroform, and 50 μL of the reconstituted mixture (extracted fat and chloroform) was then derivatized using 2 mL of methylating reagent (1 N methanolic HCl, Sigma) in a water bath at 60°C for 60 min. Following the derivatization, the fatty acid methyl esters were injected into the GC for assessment of fatty acid composition. The GC operative condition and quantification of the individual fatty acids were the same as described in Nain et al. (2012) . Fatty acid concentrations are presented as mg/mL plasma and in mg/egg.
Statistical Analysis
Egg traits, feed intake, BW, fatty acid composition of plasma and egg yolk, and calculated enzyme activity pathway data were analyzed as a 2-way ANOVA using the MIXED procedure of SAS (SAS Institute Inc., Cary, NC) with 3 levels of dietary treatment (control, moderate, and high) and 4 durations (0 d, 6 d, 12 d, and 18 d) as fixed effects. In all analyses, least squares means were adjusted using Tukey's honest test and were reported as significant at P < 0.05 level (SAS Institute Inc.). The transfer efficiency of n-3 PUFA from diet to egg was calculated as Broken stick analysis (piecewise regression) was used to predict the threshold value (plateau) and the time duration required to reach n-3 PUFA enrichment from the diets to the plasma and egg yolk using the segmented model for each dietary flaxseed level using the NLIN procedure of SAS (Toms and Lesperance, 2003) . In this model, breakpoints are used to estimate the duration required to reach a threshold at which the response variable (n-PUFA in egg yolk or plasma) became constant to further increase in n-PUFA with moderate and high diets with the independent variable. The model uses the following equation:
where Y is the response variable [n-3 PUFA concentration in egg yolk (mg/egg) or plasma (mg/mL)]; C is the plateau or threshold value of n-PUFA (mg/egg enrichment or mg/mL of plasma); x is the duration for dietary treatment; X 0 is the break point or time to reach stationary phase; α is constant; and β is a linear estimate of the rate of increment in n-3 PUFA concentration in egg (mg/egg per day) or plasma (mg/mL).
RESULTS
Production
Feed intake among birds on each dietary treatment was similar throughout the experiment (Table 2) . Whereas dietary treatment did not significantly affect BW, there was a drop in BW between the 12-d and 18-d study periods (36.4 g to 15.3 g, respectively). Mean egg weight was 62.9 g and mean yolk weight was 17.9 g ( Table 2 ). Both were unaffected by the dietary treatments or the duration of feeding. Shell thickness was not affected by the feeding treatment. However, there was a duration of feeding effect, with a reduction in shell thickness at 18 d compared with 0, 6, and 12 d. Egg production was also similar in hens from all dietary treatments (control = 91.6 ± 9.5%; moderate = 92.8 ± 11.4%; high = 92.1 ± 10.4%; P = 0.77; data not shown).
Dietary Fat Analysis
The fatty acid composition of the feeds differed with the level of incorporation of extruded flax (Table 3) . Linolenic acid (C18:3 n-3), the primary fatty acid found in flax, differed most among rations, with content increased from 5.6% in the control diet to 17.6% and 28.9% in the moderate and high diets, respectively (Table 3). The 3-fold and 6-fold increases in LNA in the moderate and high diets were the basis for the elevated total n-3 PUFA concentration in these diets. With the greater proportion of n-3 PUFA, the proportion of n-6 PUFA was reduced in the diets, and therefore the ratio of n-6 PUFA to the n-3 PUFA in moderate and high diets was also reduced. All diets delivered a very low amount of total long-chain n-3 PUFA (mean = 0.13% of dietary fatty acids) The amount of monounsaturated fatty acid (MUFA) and saturated fatty acids (SFA) was the highest in the control diet, followed by moderate and high diets, respectively. 
Plasma Fatty Acid Profile
The plasma fatty acid profile of hens differed among the dietary treatments, with the pattern of differences in total n-3 PUFA concentration corresponding to what was being supplied in the diet (Table 4) . Plasma LNA in birds fed the high diet was highest at 12 d, whereas the LNA from birds fed the moderate diet was stabilized after 6 d. A similar pattern was observed for the total n-3 PUFA content of plasma from birds fed high and moderate diets (Table 4 ). The amount of long-chain n-3 PUFA was similar among hens on dietary treatment. However, birds on the high diet at 6 d had more longchain n-PUFA compared with the initial 0 d. Among the important long-chain n-PUFA, plasma DHA was similar among all dietary treatments, although it did initially rise, with values remaining significantly higher than at 0 d from 6 d of feeding. The plasma DPA in hens fed moderate and high diets were similar to each other but higher than that of control hens at all durations tested. However, there was no difference in plasma DPA amounts between hens fed either the high or the moderate level of enriched diet at 6 d, 12 d, and 18 d. Further, the plasma EPA concentrations only differed in hens fed the high diet compared with the control diet at 6 d. The mean CV for n-3 PUFA in plasma of birds fed on control, moderate, or high diets was 25.2, 29.6, and 30.8, respectively.
The SFA, MUFA, and total n-6 PUFA content of plasma were not affected by the dietary treatments or their interaction with the duration of feeding at 6, 12n or 18 d of experiment (Table 4) . However, with duration of dietary treatment, SFA, MUFA, PUFA, and total n-6 PUFA content significantly increased by the 12-d measurement, and then decreased again at 18 d. The predominant SFA (16:0) and MUFA (18:1) in plasma followed a similar pattern and were neither affected by the diets nor the interaction of diets with duration. The plasma arachidonic acid (AA) level of hens fed the moderate diet was reduced compared with those fed the control diet at 6 d, but were subsequently similar (Table 4 ). The AA content in plasma of birds fed the high diet was lower at 6 d, 12 d, and 18 d compared with control birds.
Plasma Broken Stick Analysis. The plasma n-3 PUFA concentration reached a plateau during the 18-d course of the experiment. The n-3 PUFA concentration at saturation was 0.933 mg/mL of plasma, which was reached in 7.3 d in birds on the high treatment. Moderate treatment birds reached a plateau of 0.669 mg/ 2 SFA = saturated fatty acids; SFA levels were calculated as 14:0 + 15:0 + 16:0 + 18:0 + 20:0. 3 MUFA = monounsaturated fatty acids; MUFA levels were calculated as 16:1 n-7 + 18:1 n-7 + 20:1 n-9 + 22:1 n-9.
4 PUFA = polyunsaturated fatty acids; PUFA levels were calculated as 18:2 n-6 + 18:3 n-3 + 18:3 n-6 +20:4 n-6 + 20:5 n-3 + 22:5 n-3 + 22:2 n-6 + 22:6 n-3.
5 LC n-3 PUFA = long-chain n-3 PUFA; LC n-3 PUFA levels were calculated as 22:6 n-3; 20:5 n-3 and 22:5 n-3 were not detected in diets.
6 Total n-3 PUFA was calculated as 18:3 n-3 + 20:5 n-3 + 22:5 n-3 + 22:6 n-3. 7 Total n-6 PUFA was calculated as 18:2 n-6 + 20:4 n-6 + 22:2 n-6. 8 Ratio n-6/n-3 was calculated as total n-6 PUFA/total n-3 PUFA. 3 MUFA = monounsaturated fatty acids; MUFA levels were calculated as 16:1 n-7 + 18:1 n-7 + 20:1 n-9 + 22:1 n-9.
4 PUFA = polyunsaturated fatty acids; PUFA levels were calculated as 18:2 n-6 + 18:3 n-3 + 18:3 n-6 +20:4 n-6 + 20:5 n-3 + 22:5 n-3 +22:2 n-6 + 22:6 n-3.
5
LC n-3 PUFA = long-chain n-3 PUFA; LC n-3 PUFA levels were calculated as 20:5 n-3 + 22:5 n-3 + 22:6 n-3.
6
Total n-3 PUFA was calculated as 18:3 n-3 + 20:5 n-3 + 22:5 n-3 + 22:6 n-3.
7
Total n-6 PUFA was calculated as 18:2 n-6 + 20:4 n-6 + 22:2 n-6.
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Ratio n-6/n-3 was calculated as total n-6 PUFA/total n-3 PUFA.
mL plasma in 7. where Y is n-3 PUFA concentration in plasma (mg/ mL), D is duration of feeding the dietary treatment (d), and C is level of saturation of plasma n-3 PUFA (mg/mL). This assessment indicated that total plasma n-3 PUFA concentration increased by 0.089 mg/mL plasma per day in high birds and by 0.051 mg/mL plasma per day in moderate birds.
Egg Yolk Fatty Acid Profile
The amount of SFA and total n-6 in egg yolk were not affected by dietary treatment (Table 5 ). The MUFA were higher in egg yolks from moderate-diet hens compared with those fed the high diet, and neither differed from that of the control-diet eggs. There were specific treatment effects, although there were no interactions of dietary treatment and duration of feeding on the amount of SFA, MUFA, PUFA, and total n-6 in egg yolk. The amount of PUFA in egg yolks from the moderate and high diets was higher than that of controldiet yolks. In addition, there was a significant negative correlation of PUFA with MUFA in the egg yolk (r = −0.836; P = 0.001; data not shown).
With only the moderate and high birds receiving an n-3 PUFA-enriched ration, significant treatment by duration interactions were expected. Both total n-3 PUFA and long-chain n-3 PUFA in egg yolk increased significantly in the moderate and high birds during the course of the experiment, whereas they remained stable in the control group (Table 5 ). The mean CV for egg yolk n-3 PUFA content after 18 d was 18.1, 17.8, and 13.5 in birds fed the control, moderate, and high diets, respectively. The total yolk n-3 PUFA contents from hens fed the moderate or high diets were higher than from hens fed the control diet at the beginning of 6 d of feeding. However, at 6 d, there was no difference in total n-3 PUFA amount between the moderate and high diets. A difference in the total n-3 PUFA concentration in egg yolks for moderate and high was evident at both 12 d and 18 d of dietary treatment. The long-chain n-3 PUFA (EPA, DPA, and DHA) were significantly higher in egg yolk from hens on moderate and high enriched diets compared with those from control diet at 12 d and 18 d. Interestingly, among the long-chain n-3 PUFA, there was no statistical difference for DHA and DPA in egg yolk from hens on the high or moderate diets throughout the experiment. However, EPA was higher in egg yolk from hens on the high diet compared with the moderate diet at 6 d, 12 d, and 18 d.
Egg Yolk Broken Stick Analysis
Based on the sampling interval used, the n-3 PUFA enrichment pattern was linear before reaching saturation. The equations to describe the changes in egg yolk are as follows: The broken stick analysis indicated that the total n-3 PUFA in egg yolk increased at a rate of 28.56 mg/ egg per day in the high birds, whereas in the moderate birds, total n-3 PUFA increased at a rate of 20.70 mg/ egg per day. The n-3 PUFA content in egg yolk from the high group hens was calculated to reach a saturation level of 343.67 mg/egg in 6.6 d. The total n-3 PUFA content in egg yolk from moderate hens reached saturation level of 272.92 mg/egg in 5.9 d.
Calculated n-3 and n-6 PUFA Desaturation and Elongation
The calculated enzymatic activity associated with Δ 9 -desaturase activity for conversion of C16:0 to C16:1 was not affected by the interaction of diet with duration of feeding (Table 6 ). However, a drop in Δ 9 -desaturase may have occurred in birds on enriched diets compared with the control diet (P = 0.078). There was a reduction in Δ 9 -desaturase activity at 6 and 12 d compared with 0 d.
The calculated n-3 PUFA and n-6 PUFA elongation and desaturation activities were affected by the interaction of dietary treatment and duration of feeding. In birds fed the control diet, the calculated long-chain n-3 PUFA biosynthesis pathway activity was higher at 12 d and 18 d compared with 0 d and 6 d. In contrast, the calculated long-chain n-3 PUFA biosynthesis for the hens fed the high or moderate diets was consistent throughout the experiment. At 0 d, the calculated enzyme activity for the n-6 PUFA bioconversion was similar in birds from all diets. Subsequent to this, the calculated long-chain n-6 PUFA biosynthesis was significantly lower in birds fed the enriched diets (high or moderate) compared with the control diet at 6 d, 12 d, and 18 d. 3 MUFA = monounsaturated fatty acids; MUFA levels were calculated as 16:1 n-7 + 18:1 n-7 + 20:1 n-9 + 22:1 n-9.
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DISCUSSION
The extruded flax product included in the enriched diets has previously been demonstrated to have greater digestibility than ground flax in chicken (Bean and Leeson, 2003) and in pigs (Htoo et al., 2008) . The combination of shearing and thermal effects of the extrusion process significantly degrades the mucilage (Wu et al., 2010) associated with the hull of flax that is responsible for increased gut viscosity, which contribute to reduced digestibility (Bhatty, 1993 ). In the current study, there were no feeding treatment effects on feed efficiency. These results substantiate the hypothesis that feeding the extruded flaxseed product, LinPRO, at up to 15% of the diet will not negatively affect the performance of laying hens. This is an important result, as one of the main concerns with the use of flax in poultry diets is the potential for negative impact on growth and gut condition. Jia et al. (2008) reported an increased rate of egg production and lower feed conversion ratio in laying hens fed a diet with an extruded flax product than those fed the regular ground flaxseed diet in an 84-d experiment. Together, these results indicate that ground flax diets may reduce feed conversion efficiency, whereas extruded flax diets can produce similar performance results to standard (flax-free) layer rations.
The egg and yolk weights were unaffected by either dietary treatment or duration of feeding. Shell thickness was expected to gradually decline with hen age (Nys, 1986) . A 3.6% reduction in shell thickness was reported in table eggs between 44 and 68 wk of age (Roland, 1979) . Based on this, the 3.2% reduction in shell thickness noted after 18 d on enriched diets in the current study may be greater than what is age-appropriate. Barn temperatures were consistent throughout the study and there was no significant dietary effect on shell thickness. Patterson et al. (2001) reported that enriched eggs had greater egg breakage and leakage compared with regular table eggs. However, Hayat et al. (2009) and Bean and Leeson (2003) had reported no significant effect of feeding a flaxseed-based diet on egg weight, shell weight, albumen height, or shell thickness.
The moderate and high diets contained 206% and 402% higher total n-3 PUFA, respectively, than the control diet (Table 3) . Similar patterns of increased total n-3 PUFA were found in the plasma and egg yolk. Plasma total n-3 PUFA concentration increased by 97% and 157% in hens fed moderate and high diets a-e Means within dietary treatments, duration of feeding, and within the column of interaction effect of treatment and duration with no common superscript are significantly different (P < 0.05).
1 Control with no LinPRO (ground-extruded flaxseed:peas, 1:1, wt/wt, O & T farms, Regina, SK, Canada), moderate diet with 7.5% of LinPRO, or a high diet with 15% inclusion of LinPRO in the basal layer diet was fed for 18 d to laying hens (65 wk).
2 n-3 polyunsaturated fatty acid (PUFA) biosynthesis pathway enzyme activity (Δ 6 -desaturase, elongase, and Δ 5 -desaturase) was calculated as ratio of 20:5 n-3 to 18:3 n-3.
3 n-6 PUFA biosynthesis pathway enzyme activity (Δ 6 -desaturase, elongase, and Δ 5 -desaturase) was calculated as ratio of 20:4 n-6 to 18:2 n-6. 4 Δ 9 -SCD (stearoyl CoA desaturase) enzyme activity was calculated as the ratio of 16:1 to 16:0.
compared with those on the control diet for 18 d (Table  4 ). In addition, there was a 96% and 154% increase in total n-3 PUFA in egg yolk from moderate-and highdiet hens at 18 d compared with those fed the control diet (Table 5) . Together, these results indicate that the transfer of total n-3 PUFA from diet to plasma or egg yolk followed a similar pattern. Interestingly, the transfer efficiency of n-3 PUFA from diet to egg yolk was highest in control birds (55.6%) and gradually decreased in moderate (30.5%) and high (22.2%) birds with the increase in amount of n-3 PUFA in the feed. A similar observation was noted in the study of Cachaldora et al. (2006) . There was reduction in transfer efficiency of n-3 PUFA from diet to yolk from 55% to 22% when the n-3 PUFA levels (from a fish oil source) in diet were increased from 393 to 563 mg/g of diet (Cachaldora et al., 2006) . The n-6 to n-3 ratio considered ideal for the human diet is between 4:1 to 1:1 (Simopoulous, 2004) , as a balanced n-6 to n-3 ratio is associated with the most beneficial effects on human health. In the current study, the ratio of n-6 to n-3 PUFA in egg yolk was reduced by approximately 50% from 5.51 in control to 2.98 and 2.25 in moderate and high groups, respectively, at 18 d (Table 5) . A similar trend was observed in the n-6 to n-3 ratio in plasma. The decrease in n-6 to n-3 ratio in egg yolk and plasma was a primarily due to increased LNA and reduced AA concentration. Because the reduction in n-6 to n-3 ratio occurred in both the plasma and the egg yolk, it suggests that this is a significant dietary effect. Jia et al. (2008) observed a 50% reduction in n-6 to n-3 PUFA ratio in egg yolks from hens fed a similar amount of extruded flax to the high treatment of the current study.
The competition between the n-6 PUFA and n-3 PUFA substrates, LA and LNA, to utilize the same desaturase and elongase enzymes is well known (Watkins, 1991) . Both LNA and LA compete for the same enzymatic machinery for the bioconversion into longer chain PUFA (Holman, 1998) . When present in equal amounts, LNA is metabolized preferentially over LA by these desaturase and elongase enzymes (Kinsella, 1991) . When a higher amount of LA is present, it can have a suppressive effect on LNA biosynthesis (Watkins, 1995; Shimizu et al., 2001 ), although LNA is 10 times stronger at suppressing LA metabolism compared with the effect of LA on LNA metabolism (Holman, 1998) . The higher amount of LNA compared with LA supplied to humans by n-3 PUFA-enriched egg yolks could increase bioconversion to long-chain n-3 PUFA from LNA and also contribute to lower synthesis of AA, the metabolite of n-6 PUFA from LA. Although both LNA and AA are essential fatty acids that contribute to important biological functions, the typical n-6 PUFA content of the modern Western diet is already rich in n-6 PUFA, with typical ratios of n-6 PUFA:n-3 PUFA of 10:1 or higher (Simopoulos, 1991) . This demonstrates the value of nutritional strategies focused specifically on increasing n-3 PUFA uptake.
The n-3 PUFA enrichment of experimental diets using a flax source does not directly provide long-chain n-3 PUFA to the laying hen. However, long-chain n-3 PUFA concentration in the resulting egg can still be increased (Kralik et al., 2008) . This was also observed in the present study, where the feeding an enriched diet increased both DPA and DHA in egg yolks compared with that of the control diet eggs. There was no additional effect of feeding the higher level of LinPRO diet in hen ration, with the exception of an increased amount of EPA in egg yolks from birds fed the high compared with the moderate diet at 6 d, 12 d, and 18 d. This suggests once the hen diet is enriched to the moderate level, mechanisms for upconversion to longchain n-3 PUFA may already be reaching the point of saturation.
The amount of long-chain n-3 PUFA in plasma increased following a pattern similar to that of egg yolk. The increase in plasma long-chain n-3 PUFA was 43.6% and 52.1% at 6 d in hens on the moderate and high diets, respectively, compared with 0 d (Table 4) . In egg yolks, the increase in long-chain n-3 PUFA was 42.5% and 42.4% in moderate and high groups, respectively, at 6 d compared with at 0 d (Table 5 ). However, in the plasma, the amount of EPA, DHA, and long-chain n-3 PUFA lack clear contrast in statistical significance among dietary treatment. The only exception was the plasma DPA, which was significantly higher in birds fed the high or moderate diets at 6 d, 12 d, and 18 d compared with birds fed the control diet.
Plasma samples had the greatest amount of bird-tobird variability in the total n-3 PUFA. The final egg yolk n-3 PUFA concentrations were more stable, with the CV of this measure being 16.5% in the yolk compared with 28.5% in the plasma after 18 d of feeding. The higher variability in the plasma may be associated with dilution of plasma fatty acid. The egg yolk is a depository site of lipids to support embryo growth and therefore has a different, more specific type of fatty acid profile; therefore, the specific fatty acids like the n-3 PUFA are concentrated Sim, 1993, 2001 ) compared with plasma, where fat intended for other purposes is also present.
Dietary MUFA and SFA were highest in the control feed, followed by the moderate and high feeds (Table  3) . These lipid classes also differed due to diet in the plasma, and SFA differed in egg yolk. This may be a dilution effect from the large influx of n-3 PUFA into the plasma and eggs of hens fed the enriched diets. The MUFA concentration in egg yolk is a good example of this, as it was lower in eggs from hens on the high diet compared with those from the moderate diet egg yolk (Table 4) . Overall, dietary differences in MUFA availability were more closely mirrored in the fatty acid profile of egg yolk than of plasma (Tables 4 and 5 ). This link demonstrates the need for careful consideration of all dietary lipid classes rather than just enrichment fatty acids in coming up with an egg n-3 PUFA enrichment strategy.
When yolk lipid classes were compared on a percentage composition, the PUFA concentration increased in eggs from the enrichment treatments over the course of the experiment, whereas MUFA dropped and SFA increased slightly. Yolk PUFA as a percentage of yolk lipids changed quickly in eggs from the moderate and high groups from 18.8% at 0 d to 23.1% by 6 d and reached a maximum of 24.1% at 18 d, whereas values averaged 20.0% in control eggs throughout this period. Yolk MUFA as a percentage of egg weight began at 47.2% at 0 d and fell to 40.1% by 18 d in moderate and high eggs, compared with a final value of 43.0% in control eggs. The yolk SFA values were not affected by feeding treatment but changed in time, beginning at 34.0% and eventually reaching a high of 35.3% at 18 d. The proportional increase in PUFA and decrease in MUFA will typically result in a constant overall unsaturated fatty acid to SFA ratio, which is required for maintenance of membrane fluidity (McMurchie et al., 1986) .
The comparison of fatty acids on the whole-egg basis may be more relevant than comparing fatty acids on a percentage basis because whole eggs are consumed rather than measured portions of yolk. On a wholeegg basis, the total SFA and MUFA in the egg yolk decreased throughout the experiment, while PUFA rose initially (6 d), but then by 18 d it returned to a value not significantly different than that of d 0. Egg yolk weight numerically decreased by nearly 1 g between 0 d and 18 d of the study (P = 0.089; data not shown), with eggs from the enrichment treatments being most affected. A reduction in yolk weight in flaxseed-fed hens would not be surprising and could be due in part to the diet triggering a reduction in estrogen and reducing support for liver-based yolk lipid formation (Whitehead et al., 1993; Van Elswyk, 1997) or due to difficulties in laying hens to move n-3 PUFA-laden very low-density lipoprotein into the growing ovarian follicles (Walzem, 1996) . Van Elswyk (1997) indicated that the liver enzymes involved in lipid synthesis require more than 9 d to respond to supplemental n-3 PUFA source material. However, with both enriched diets, significant increases in plasma and yolk LNA among all 3 feeding treatments were observed by the 6-d measurements (Tables  4 and 5 ), suggesting that this process could be well underway before 9 d of dietary enrichment. Both the plasma and yolk AA from birds fed enriched diets (high and moderate) were reduced compared with those fed the control diet at 6 d, 12 d, and 18 d of the study, with no differences found between the high and moderate values (Tables 4 and 5) . Jiang et al. (1991) has reported a negative relationship between dietary LNA and AA and suggested that a higher amount of LNA than LA or its metabolites will decrease AA in the yolk. Results from the current study suggest that this reduction in AA reaches its maximum amount already with the moderate hen diet. Although the high diet increased total n-3 PUFA in the yolk over moderate diet levels, this did not translate into significant differences in yolk DPA or DHA content between the moderate and high diets (Table 5 ). The bioconversion of LNA to long-chain n-3 PUFA increased with the use of the moderate compared with the control ration but was not further enhanced by supplying a higher level of enrichment in the high ration.
Hen age can affect long-chain n-3 PUFA deposition into the yolk (Scheideler et al., 1998) . Using the LNA to DHA values reported by Scheideler et al. (1998) in 3 layer strains, bioconversion from LNA to DHA increased between 36 and 58 wk by 53%, on average. Birds in the current study were 65 wk old, indicating an increased potential for bioconversion of long-chain n-3 PUFA from LNA is possible. The extent of bioconversion of LNA to the other long-chain n-3 PUFA differs by bird type (Poureslami et al., 2010) . In broilers, DPA was the predominant long-chain n-3 PUFA product of bioconversion from LNA (Betti et al., 2009 ). In the current study, bioconversion of long-chain n-3 PUFA in layers went through to DHA in the egg yolk and only up to DPA in plasma in birds fed the moderate or high diets compared with the control diet. The similar findings for DHA being the predominant long-chain n-3 PUFA in laying hens were observed in work done by Jia et al. (2008) and Celebi and Macit (2008) .
Dietary enrichment with long-chain n-3 PUFA can reduce the activities of Δ 5 -, Δ 6 -, and Δ 9 -desaturases in the liver microsome (Christiansen et al., 1991) . The elongation and desaturation of n-6 PUFA decreased in birds fed the high diet over the experimental period. This decrease in calculated enzyme activity is likely due to competition with LNA for the Δ 6 -desaturase enzyme for the long-chain n-3 PUFA bioconversion (Watkins, 1995; Shimizu et al., 2001) . Furthermore, the calculated n-6 PUFA biosynthesis pathway enzyme activity for long-chain n-6 PUFA biosynthesis was negatively correlated with yolk LNA content (r = −0.59; P = 0.001; data not shown). The calculated enzyme activity for n-6 PUFA was significantly reduced by 6 d and was further reduced at 18 d in egg yolks from birds fed the high diet compared with control birds. In contrast, in hens on the moderate treatment, a significant reduction in calculated enzymatic activity was reached only after 12 d of feeding. This inhibition is also evident from the reduced content of AA in plasma and egg yolk from birds on n-3 PUFA-enriched diets (Tables 4 and 5) .
The elongation and desaturation of n-3 PUFA in highand moderate-diet-fed hens was stable for the duration of the experiment (Table 6 ). An increased calculated enzyme activity for n-3 PUFA bioconversion in birds fed the control diet at 12 d and 18 d compared with 0 d and 6 d may be related to the individual bird to bird variability in control birds and this higher variability was due to lower egg EPA content in control birds. The mean CV of yolk EPA for the 6-to 18-d durations in control birds (57.2) was higher than in high (26.5) or moderate birds (28.5). This variability in EPA content may weaken the value of the enzyme activity calculation for table egg enrichment. Previous work with these calculations has been based on muscle tissue, where the amount of EPA and DPA is greater (Betti et al., 2009) . The significant increase in EPA, DPA, and DHA and reduction in AA content in egg yolks from hens fed enriched diets compared with the control diet confirms competition for enzymes during postabsorptive modification of these fatty acids.
Conclusions
Eggs from birds fed the moderate n-3 PUFA-enriched diet did not reach the 300 mg/egg minimum concentration required for labeling the egg as a source of n-3 PUFA (CFIA, 2003) . Use of the high diet led to enrichment up to 343.7 mg/egg in 6.6 d. From the broken stick analysis of yolk n-3 PUFA enrichment, it was estimated that the high birds reached the labeling threshold level of 300 mg/egg in 5.0 d. Yolk n-3 PUFA concentrations were more uniform than that of the plasma, with a CV of this measure being 16.5% in the yolk compared with 28.5% in the plasma after 18 d of feeding. Variability in egg yolk n-3 PUFA among feeding treatment after 18 d was lowest in birds fed high diets (CV = 13.5) compared with 18.1 and 17.8 in birds fed the control and moderate diets, respectively. However, the transfer efficiency of total n-3 PUFA from diet to egg yolk was highest in control birds (55.6%) and gradually decreased in moderate (30.5%) and high (22.2%) birds with the increase in amount of n-3 PUFA in the birds fed an extruded flax source. This work contributes to the understanding of individual hen effects on n-3 PUFA absorption and the effect of level of dietary enrichment using an extruded flax product on egg n-3 PUFA content. Comparing treatment effects on a whole-egg basis both accounts for potential treatment effect on yolk size and provides enrichment data in a form that is more valuable to the enriched egg consumer.
